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Cyclic Elastoplastic Large Displacement Analysis of 
Cold-formed Steel Box Columns under Combined 
Action of Axial and Bidirectional Lateral Loading 
 
Iraj H.P. Mamaghani 1 





This paper deals with the cyclic elastoplastic large displacement 
analysis of cold-formed steel box columns under combined action of 
axial and bidirectional lateral loading.  Cold-formed steel box columns 
are very useful in highway bridge pier construction as they offer 
flexible space requirement and provide speedy construction. Behavior 
of cold-formed steel box columns under earthquake-induced loads is 
rather complicated as earthquakes occur in an oblique direction. 
However, modern seismic design philosophies have been based on the 
behavior of structures under independent actions of uni-directional 
loading in orthogonal directions. In this study, inelastic cyclic behavior 
of steel columns subjected to constant axial force together with 
simultaneous bi-directional cyclic lateral loads is investigated using an 
advanced finite element analyses procedure. Several types of linear and 
non-linear idealized loading patterns are employed to check the 
strength and ductility. The effects of important structural parameters 
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and loading history on the behavior of cold-formed thin-walled steel 




Cold-formed thin-walled steel box columns used as steel bridge piers 
have found wide application in highway bridge systems in Japan 
compared with other countries, where such structures are much less 
adopted. Steel tubular bridge piers, compared with concrete ones, are 
light and ductile. They can be built under severe constructional 
restrictions, such as in limited spaces at urban areas like New York and 
Tokyo, where the effective use of the limited spaces are strictly desired. 
They are also applied to locations where heavy superstructures are 
unfavorable, such as on soft ground, reclaimed land and bay areas.  
 
In general, because of these restrictions, steel bridge piers are designed 
as single columns of the cantilever type, or one to three-story frames, 
and they are commonly composed of relatively thin-walled members of 
closed cross-sections, either box or circular in shape because of their 
high strength and torsional rigidity (Mamaghani, 1996). These make 
them vulnerable to damage caused by the coupled instability, i.e., the 
interaction of local and overall buckling, in the event of a major 
earthquake. For example, Figure 1 shows cold-formed thin-walled steel 
tubular columns of circular and box sections supporting elevated 
highway bridge in Nagoya, Japan. When structural members are 
composed of thin-walled steel plate elements, the local buckling of the 
component plates may influence the strength and ductility of those 
members. As is well known, the earthquake waves consist of three-
dimensional components. Specifically, the coupling of the two 
horizontal components is expected to have an unfavorable effect on the 
ultimate behavior of columns. Therefore, it is important to examine the 
ultimate behavior of thin-walled columns under cyclic axial and 
bidirectional lateral loading.   
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Present seismic design guidelines for steel columns have been based on 
numerous analytical and experimental investigations conducted under 
constant axial load plus uni-directional lateral loads. The superposition 
of independent action of uni-directional design seismic motion in 
orthogonal directions or the behavior in the most critical direction is 
being considered in the present seismic capacity checks. However, it is 
important to incorporate the bi-axial effects in seismic designs. Several 
experimental studies have been so far carried out to investigate the 
effect of bi-directional cyclic loads on the behavior of steel and 
concrete columns (Saatcioglu and Ozcebe, 1989;  Ohnishi et al., 2003). 
 
Figure 1. Cold-formed thin-walled steel tubular columns of 
circular (front column) and box (rare columns) sections supporting 
elevated highway bridge in Nagoya, Japan. 
.           
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 Nevertheless, those tests were found to be very costly and the results 
were inadequate to make firm conclusions. This strongly suggests the 
importance of having a reliable analytical procedure.  
Fig
ure 2. Cyclic loading patterns: (a) Unidirectional (Uni), (b) 
Bidirectional-linear (BI-L), (c) Bidirectional rectangular (BI-R), 
(d) Bidirectional-diamond (BI-D), (e) Bidirectional-Oval (BI-O), 
and (f) Bidirectional-circular (BI-C). 
 
In this study, while keeping the vertical compressive load constant, the 
behavior of thin-walled steel tubular columns under the cyclic 
bidirectional lateral loads is examined in comparison with that under 
the cyclic unidirectional lateral loads shown in Figures 2 and 3. The 
advanced general purpose finite element program ABAQUS (2008) 
was employed in the analysis. The results obtained from the cyclic 
bidirectional loading experiment are used to substantiate the validity of 
geometrically and materially nonlinear finite element analysis.  
 
COLD-FORMED THIN-WALLED STEEL TUBULAR COLUMNS 
 
Cold-formed steel tubular columns in highway bridge systems are 
commonly composed of relatively thin-walled members of closed 
cross-sections, either box or circular in shape because of their high 
strength and torsional rigidity, see Figure 1. Such structures are 
considerably different from columns in buildings. The former are 
characterized by: failure attributed to local buckling in the thin-walled 
members; irregular distribution of the story mass and stiffness; strong 
beams and weak columns; low rise (1-3 stories); and a need for the 
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evaluation of the residual displacement. These make the columns 
vulnerable to damage caused by interaction of local and overall 
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Figure 3. Loading programs. 
 
 
The most important parameters considered in the practical design and 
ductility evaluation of thin-walled steel hollow box sections are the 
width-to-thickness ratio parameter of the flange plate Rf  for box section, radius-to-thickness ratio parameter of the circular section Rt, 
and the slenderness ratio parameter of the column λ  (Mamaghani, 
2008). While  Rf and Rt influence local buckling of the section, λ controls the global stability. They are given by:  
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( )21 3(1 ) for box sectionyf bR t n E= −
σνπ                     (1) 
( )23(1 ) for circular sectionyt rR t E= −
σν                    (2) 
 





                                                                         (3) 
  
in which, flange width; =b =t plate thickness; =yσ yield stress; 
=E  Young’s modulus; =ν Poisson’s ratio; =n number of 
subpanels  divided  by  longtudinal   stiffeners  in  each   plate  panel  
( for unstiffened sections); 1=n r = radius of the circular section; 
column height; =h gr = radius of gyration of the cross section.  
 
The elastic strength and deformation capacity of the column are 
expressed by the yield strength , and the yield deformation 
(neglecting shear deformations) 
0yH
0yδ , respectively, corresponding 

















=δ                                                                              (5)         
 
where yield moment and =yM =I moment of inertia of the cross 
section. Under the combined action of buckling caused by constant 
axial and monotonically increasing lateral loads, the yield strength is 
reduced from to a value denoted by . The corresponding 0yH yH
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yield deformation is denoted by yδ . The value  is the 
minimum of yield, local buckling, and instability loads evaluated by 
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+ =                                                                              (7)        
 
uPin which  the axial load; P = yP = the yield load; = the 




Finite element analysis procedure is very effective in determining the 
seismic resisting capacity of structures. The reliability of such an 
analysis mainly depends on the modeling technique and the type of 
elements, boundary condition, type of material model, etc. In this 
section, analytical procedure is explained in view of geometrical details 
of column, element mesh, loading procedure including loading patterns 




The cantilever steel columns with box and circular cross-section 
subjected to a constant axial force and cyclic lateral loadings are 
accounted for in the present analysis. The test specimens available in 
the literature are numerically analyzed following an elastoplastic large 
displacement finite element analysis procedure. For such thin-walled 
steel columns, local buckling always occurs near the base of the 
columns. Therefore, the beam-column element is employed for the 
upper part of the column; while the shell element that can consider the 
67
effect of local buckling is employed for the lower part of the column, 
see Figure 4b. The interface between the shell elements and the beam-
column element is modeled using rigid beams, Figure 4b. The column 
is stiffened by both longitudinal stiffeners and diaphragms, see Figures 
4a and 4d. The longitudinal stiffeners and each subpanel between 
longitudinal stiffeners are modeled by using a four-node doubly curved 
shell element (S4R) available in the general purpose finite element 
program ABAQUS (2008). The diaphragm is also modeled using the 
same type of shell element. Shell elements are used only up to the 
height of the third diaphragm, see Figure 4b. The length between the 
base and the first diaphragm is divided into 18 segments, while the 
subsequent same lengths are divided into 9 segments along the column 
length. In the width and depth directions 24 elements are used. Each 
subpanel consists of eight columns of shell elements. Five columns of 
shell elements are assigned in longitudinal stiffeners. For shell elements 
five layers are assumed across the thickness, and the spread of the 
plasticity is considered both through the thickness and along the 






(a) Steel tubular column    (b) Analytical model   (d) Cross section 
 
Figure 4.  Finite element modeling of steel tubular columns. 
68
is modeled using a beam-column element (B31). The sectional 
dimension of this element is chosen in such a way that the moment of 
inertia and the cross-sectional area of the element section are identical 
to those of the actual specimen. Ten beam-column elements are 
adopted to model the upper part of the specimen. The above stated 
mesh divisions are determined by trial and error method. It is found that 
such mesh divisions can give an accurate result. The residual stresses 
due to welding and the initial deflections of the flange and web plates 
are not considered in the analysis because their effect is insignificant on 
the cyclic behavior (Mamaghani 1996; Banno et al. 1998).  
Table 1. Dimensions of analytical models. 
Specimens h b = d b s t R f λ γ/γ*
Uni, BI-L27, BI-L45 2420 450 53 5.8 0.61 0.39 2.4
C35-35 5551 1043 179 6.0 0.35 0.35 3.0
C35-50 8160 1043 105 6.0 0.35 0.50 3.0
C46-35 7559 1364 113 6.0 0.46 0.35 3.0
Unit : millimeters (mm)
Uni, BI-L27, and BI-L45 are test specimens.
Uni = Unidirectional, BI = Bidirectional
C35-35, C35-50, and C46-35 are numerical specimens.
 
 
In what follows, first analysis of specimen tested by Ohnishi et al. 
(2003) under linear loading paths will be presented. Then the results of 
parametric study using non-linear loading paths will be presented and 
discussed. The finite element modeling of the steel column used in the 
analysis is shown in Figure 4b. The dimensions of the column used in 
the analysis are listed in Table 1. The analyzed test specimens (Uni, BI-
L27, and BI-L45) have height of h = 2420 mm; cross section size of b = 
d = 450 mm; thickness of t = 5.8mm; and stiffener width of bs= 53 mm. 
The cross sectional area A, and the second moment of inertia I, of the 
section are 1.28×104 mm2 and 3.92×108 mm4, respectively.  
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The structural parameters that play important roles in earthquake 
resisting performance of stiffened steel columns are the width to 
thickness ratio Rt and Rf, slenderness ratio λ, and the stiffness rigidity 
ratio γ/γ* (Chen and Duan, 2000). The values of Rf  , λ, and γ/γ* of the 
test column are 0.61, 0.39, and 2.4, respectively. In the parametric 
study, three numerical specimens namely C35-35 (Rf = 0.35, λ= 0.35), 
C35-50 (Rf = 0.35, λ= 0.50), and C46-35 (Rf = 0.46, λ=0.35) were 
considered. The value of γ/γ* of all three specimens was 3.0, see Table 
1.  
Table 2. Material properties. 
σ y  E ν
(MPa) (GPa)
Uni, BI-L27, BI-L45 412 206 0.28




Modern seismic design specifications allow steel structures to deform 
up to a certain displacement level in inelastic range, which involves 
both material and geometrical non-linearity. In non-linear analysis, the 
accuracy of the material model has a large effect on the reliability of 
predictions. The modified two-surface plasticity model (2SM) 
developed by Mamaghani et al. (1995), which has been proved to be 
very accurate in simulating cyclic behavior of steel structures 
(Mamaghani, 1996; Shen et al., 1995) is introduced into the 
commercial computer program ABAQUS (2008) used in the analysis. 
The material properties of steel such as yield stress σy, Young’s 
modulus E, and Poisson’s ratio ν are listed in Table 2.  
 
ANALYTICAL RESULTS  
 
Comparison with test   
The analyses were carried out using three loading patterns described in 
Figures 2a and 2b to check the effect of bi-axial cyclic bending. In 
loading pattern Uni, incremental cyclic lateral displacements were 
applied along the X-direction only. For comparison purposes, the same 
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loading history as used in the test was employed in the analysis. Figure 
5a shows the comparison of test and the analytical results of the loading 
type Uni. The envelope curves are plotted in Figure 5b. The 
comparison of analytical and test results for loading pattern BI-L27 is 
shown in Figure 6. These results indicate that the analytical and test 
results match very well in all the cases, hence the proposed procedure 
can be considered to be accurate enough for reliable predictions.  
Table 3. Comparison of test and analytical results. 
H l,m /H y ∂ l,m /∂ y ∂ l,95 /∂ y
Test 1.23 2.23 2.87
Analysis 1.35 1.89 2.50
Test 1.15 3.35 3.76
Analysis 1.32 2.35 2.70
Test 1.11 2.46 3.37
Analysis 1.29 1.89 2.95







The resultant lateral displacement δl and lateral load Hl for the cases BI-
L27 and BI-L45 are calculated using the following two equations.  
 
           cos sinθ θ= +l x yH H H                                                   (8)        
 
          cos sinδ δ θ δ= +l x y θ                                                        (9) 
 
Where, θ is the angle between the loading direction and the major axis 
of the section (i.e., X-axis). The values of strength and ductility indices  
Hm/Hy, δm/δy, and δ95/δy are calculated in terms of resultant load Hl and 
resultant displacements δl using the test and analytical results and are 
given in Table 3. It is seen here that the Hl,m/ Hy, of uni-directional 
loading case (Uni) is higher than those of the BI-L27 and BI-L45 cases. 
On the other hand, values of  δl,m/δy  and  δl,95/ δy  of  the  unidirectional 
loading case are quite lower than the  other two cases. This means that 
bi-directional loading will result in lower strength while the ductility 




considerably affect the seismic behavior of columns. As a result, 
investigating the effects of parameters such as width to thickness ratio 


































(a)   X- direction                         (b) X- direction                     
Figure 5.  Comparison of test and analytical results for loading 
type Uni: (a) Lateral load versus lateral displacement hysteretic 
behavior, in X- direction, (b) Envelope curves in X- direction. 
 




































































     
Figure 6.  Comparison of test and analytical results for loading 
type BI-L27: (a) Lateral load versus lateral displacement 
hysteretic behavior in X-direction, (b) Envelope curves in X- 
direction, (c) Lateral load versus lateral displacement hysteretic 
behavior in Y-direction, (d) Envelope curves in Y- direction. 
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performance of columns has significant practical importance when they 
are subjected to multi-directional cyclic loads. 
Table 4. Comparison of strength and ductility 
performance for various loading patterns. 
Specimen Loading H l,m /H y ∂ l,m /∂ y ∂ l,95 /∂ y
UNI 1.65 6.00 6.40
BI-O 1.55 2.67 4.27
BI-C 1.42 2.43 2.87
BI-R 1.61 4.00 4.36
UNI 1.55 4.00 4.50
BI-O 1.57 3.24 4.77
BI-C 1.48 2.43 3.13
BI-R 1.47 3.00 3.22
UNI 1.47 3.01 3.40
BI-O 1.47 2.67 3.14
BI-C 1.30 1.81 2.03






Parametric Study  
The columns for parametric study specifically designed in order to 
check the effects of parameters Rt, Rf and λ were analyzed using three 
types of non-linear loading patterns as shown in Figure 2. The 
corresponding strength and ductility indices obtained in the X-direction 
are given in Table 4. 
 
It has been revealed from these results that the strength and ductility of 
columns having the same width to thickness ratio and slenderness ratio 
are different when they are subjected to different loading patterns. 
Also, as expected, the results were different for different width to 
thickness and slenderness ratio for a particular loading pattern. The 
minimum strength and ductility were found to occur under circular (BI-
C) loading pattern and the maximum were under uni-directional 
loading. It is understood from results in Table 4 that the values of  
Hm/Hy, of C35-35 (1.42) and C35-50 (1.48) under loading type BI-C do 
not differ much. The corresponding values under loading type BI-O 
(1.55 and 1.57) are very close. This means that the effect of λ on the 
strength is not significant when circular loading type is concerned. On 
the other hand under the loading type BI-R the values of Hm/Hy of C35-
35 (1.61) and C35-50 (1.47) differ about 8 percent. Thus, it seems that 
the effect of λ on the strength varies with the loading type. Moreover, 
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similar comparisons revealed that the effects of parameters Rt and Rf on 
the strength are different with different loading types. Similar to the 
strength, effects of parameters on the ductility also significantly varie 





The finite element modeling procedure for analyzing steel columns 
subjected to constant axial loads and bi-directional cyclic loads are 
presented in this paper. The analytical procedure was verified by 
analyzing previous test specimens. Several columns were designed in 
view of identifying the effects of structural parameters such as width to 
thickness ratio and slenderness ratio on the behavior when columns 
undergo different bi-directional loading paths. The obtained results 
from this study confirm the importance of considering behavior of steel 
columns under multidirectional loading. The multidirectional tests and 
finite element analysis results showed that the behavior of a tubular 
column under multidirectional loading becomes complex and exhibits a 
circular trajectory once local buckling occurs. The local buckling bulge 
in the multidirectional loading case tends to develop monotonically due 
to the circular trajectory. As a result, the residual deformation becomes 
larger. On the contrary, the unidirectional loading test and analysis are 
likely to underestimate the damage and the residual displacements 
caused by an earthquake. It is concluded that the effects of 
multidirectional loading should be considered in ductility evaluation 
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Test and Finite Element Analysis on Distortional Buckling 
of Cold-formed Thin-walled Steel Lipped Channel Columns 
Xingyou YAO1, Yanli GUO2, Zhiguang HUANG3
Abstract 
High-strength cold-formed thin-walled steel sections have been widely used 
in the recent several years. However, distortional buckling or interaction 
between it and local buckling can occur for high strength cold-formed thin-
walled steel members. This paper describes a series of compression tests 
performed on lipped channel section columns with V-shape intermediate 
stiffener in the web and flanges fabricated from cold-formed high strength 
steel of thickness 0.48 and 0.6mm with nominal yield stress 550MPa. The 
lipped channel sections were tested to failure with both ends of the columns 
fixed. The test results of 16 specimens show that the local buckling usually 
appears before distortional buckling of the specimens and it makes the 
distortional buckling occur in advance. This interaction of local and 
distortional buckling may have the effect of reducing the stiffness and 
bearing capacity of the columns. The comparison on ultimate strength and 
buckling mode between test results and results of finite element analysis 
considering geometric and material nonlinear show that finite element 
method (FEM) can simulate the distortional buckling of cold-formed steel 
channel columns effectively. The calculative results using Direct Strength 
Method (DSM) of the North American Specification show that this design 
method couldn’t consider the reverse effect of interaction between local and 
distortional buckling on ultimate strength. Direct Strength Method (DSM) 
considering interaction between local and distortional buckling should be 
developed.  
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Introduction 
High strength cold-formed thin-walled steel sections with nominal yield 
stress 550MPa have been widely used in low-rise and multi-story residential 
buildings and portal steel frame structures in developed countries, especially 
in Australia. High strength steel members usually have low ductility and 
thinner and more complicated sections (see Fig.1). So those high strength 
cold-formed thin-walled sections may undergo local, distortional and overall 
buckling or mixed buckling modes. Meanwhile, geometry of section, mode 
of distortional buckling, load type, end supported condition, and stiffeners 
all effect on the ultimate strength of distortional buckling of cold-formed 
steel members, the accurate prediction on the member strength of thin-
walled cold-formed steel sections becomes more complex. 
Research into the distortional buckling mode of thin-walled cold-
formed open sections has attracted considerable attention in recent years 
since the first discussion by Hancock (1985), Lau and Hancock (1987, 1990) 
tested a range of channel and rack sections columns and proposed a set of 
design chart and curve. Kwon and Hancock((1992,2004,2009) conducted 
compression tests of high strength cold-formed channel columns, which 
showed a substantial post-distortional buckling strength, and proposed a 
distortional buckling strength equation for the columns considered the 
interaction of buckling modes. Meanwhile, the Direct Strength Method 
(DSM), a new design method considering interaction of local or distortional 
and overall buckling modes, was developed by Shafer and Pekoz (1998) and 
was studied further by Hancock et al.(2001). North American Specification 
Supplement 1(NAS2004) and Australian/New Zealand Standard for Cold-
formed Steel Structures Standard (AS/NZS 4600:2005) recently adopted the 
Direct Strength Method as an alternative to the conventional Effective 
Width Method to predict the member strength. However, extensive research 




As shown in Fig.1, a lipped channel section which has a V shaped stiffener 
in each flange as well as in the web was selected as specimens’ section in 
order to ensure distortional buckling occur. The nominal dimensions of h, b, 
and d are 110, 80, and 12mm respectively for all sections. Meanwhile, 
sections have four kind of length for two kinds of thickness of 0.48 and 
0.6mm respectively, including 500, 1000, 1500 and 2000mm. the width 
(Sw1,Sw2) and height(Sd1,Sd2) of V-shape intermediate stiffener of web and 
flange are 20 and 10 mm. the radius of corner(r) is 0.48 and 0.6mm for 
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columns of two different thickness. The nominal section geometric 
properties are shown in table 1. 
Specimen labeling 
The test specimens were labeled such that the type section, the nominal 
length and thickness of specimen and specimen number were expressed by 
the label. For example, the label “LCC2060-AC-2”defines the following 
specimen: 1. The first three letters indicate the specimen is a lipped channel 
section columns. 2. The “2060”indicate that nominal length and thickness of 
specimen is 2000 and 0.6mm. 3. The sequence number of same specimens 













           
(a) Section dimensions         （b）The specimen 
Fig.1 Section of the specimens 
Table 1 Nominal section properties of columns  
Width-thickness 








LCC0548-1 0.48 229 167 25 500 10.9 17.4 1130 
LCC0548-2 0.48 229 167 25 500 10.9 17.4 1130 
LCC1048-1 0.48 229 167 25 1000 21.8 34.9 1130 
LCC1048-2 0.48 229 167 25 1000 21.8 34.9 1130 
LCC1548-1 0.48 229 167 25 1500 32.6 52.3 1130 
1130 LCC1548-2 0.48 229 167 25 1500 32.6 52.3 
LCC2048-1 0.48 229 167 25 2000 43.5 69.8 1130 
LCC2048-2 0.48 229 167 25 2000 43.5 69.8 1130 
995 LCC0560-1 0.60 183 133 20 500 10.9 17.4 
LCC0560-2 0.60 183 133 20 500 10.9 17.4 995 
LCC1060-1 0.60 183 133 20 1000 21.8 34.9 995 
LCC1060-2 0.60 183 133 20 1000 21.8 34.9 995 
LCC1560-1 0.60 183 133 20 1500 32.6 52.3 995 
995 LCC1560-2 0.60 183 133 20 1500 32.6 52.3 
LCC2060-1 0.60 183 133 20 2000 43.5 69.8 995 
LCC2060-2 0.60 183 133 20 2000 43.5 69.8 995 
Material properties 
The structural steel grade of the test sections of thickness 0.48 and 0.60 mm 
was G550. The minimum specified yield stresses of the test sections of 
thickness 0.48 and 0.6mm is all 550MPa. Tensile coupons tested were 
  
79
previously conducted for flat coupons cut from the fabricated sections. All 
coupons were tested in a 20kN capacity displacement controlled testing 
machine. The coupon test results were shown in table 2. The table 2 
contains the experimental yield stress(f0.2), the ultimate stresses(fu), and the 
initial Young’s modulus(E). The experimental yield stress (2% offset) was 
higher than the nominal yield stress.  
Test rig and gauge arrangement 
Specimens were placed between the top and bottom end plates which is 
thick and flat enough to ensure fixed end boundary conditions. The 300kN 
capacity servo-controlled hydraulic testing machine system was used to 
apply compressive axial force for the specimens as shown in Fig.2. Load, 
strain, and displacement were recorded automatically by a date acquisition 
instrument and showed directly on the screen of the computer in this system. 
After geometric and physical alignment completed, axial loads can be 
subjected onto specimens by increments until the failure of them.  
Table2 Material properties of columns 
t/mm fu / MPa f0.2/ MPa E/ MPa 
0.48 727 695 216000 
0.60 730 710 216000 
 
Fig.2 Set-up of the specimens 
Lateral displacement transducers and strain gauges were commonly 
placed at mid-height of the columns, as shown in Fig.3 and Fig.4 for axially 
compressive specimens respectively. These strain gauges were used for 
alignment and to confirm buckling stress and experimental loading 
eccentricity. 
Stud column test results 
For shorter specimens of length 500mm, local buckling appeared first in the 
lip and then in the web (see Fig.5), distortion of flanges occurred nearly 
before the failure of specimens. These behaviors indicate that the failure of 
these shorter specimens resulted mainly from local buckling and significant 
distortional buckling only occurred when the ultimate load for local 
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Fig.3 Displacement transducer            Fig.4 Strain gauges 
          
Fig. 5 Local buckling of stud column 
Intermediate column test results 
For specimens of intermediate lengths 1000mm and 1500mm, local 
buckling occurred in the web first and the obvious distortion of flanges 
occurred soon. The load of local buckling and distortional buckling was 
approximately same. Then the phenomena shows that local and distortional 
buckling almost existed simultaneously as shown in Fig.6. The member was 
failure with load and deflection increased. These specimens displayed a 
significant post-buckling strength reverse. These specimens were 
distortional buckling failure mode. Overall buckling wasn’t obvious. 
           




Long column  
For longer specimens of length 2000mm, the distortion of flanges appeared 
as soon as specimens were subjected to load as shown in Fig.7. With the 
load increasing, the distortional deformation of flanges got so significant 
that two flanges contact together. Local buckling in the web occurred nearly 
before the failure of specimen. These specimens were failure for large 
deflection of flange. So the main reason for the failure of longer specimens 
is distortional buckling. Interaction of local and distortional only occurred 
when the ultimate load was approached. Distortional buckling was obvious 
and the specimens occurred torsional-flexual deformation before the 
specimens were failure.  
              
Fig.7 Buckling mode of longer specimens 
Effect of buckling modes on ultimate load-carrying capacity 
Three kinds of flange buckling mode shape were observed during tests. 
The specimens buckled inwards (I-I mode), outwards (O-O mode) for two 
flanges and one flange inward and one flange outward (I-O mode) 
respectively. The three buckling modes are shown in Fig.8.  
       
              (a) I-I mode      (b)O-O mode       (c) O-I mode 
Fig.8 Three types of flange distortional buckling modes 
The detailed reason is summarized as following: If the web (with 
intermediate stiffeners) occur local bucking firstly and local bucking 
deformed shape is symmetrical about inter-mediate stiffeners, I-I mode can 
occur; otherwise O-I mode can occur, O-O mode can occur if local 
buckling doesn’t occur before distortional buckling occur. Test results 
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show that O-O mode bears the load highest, I-O mode takes second place, 
I-I mode is the lowest. 
The test results show that the failure modes of all the specimens are 
distortional buckling. The ultimate load-carrying capacity and distortional 
buckling mode are shown in table 3. 
Finite element analysis 
The finite element method ANSYS8.1 considering the material non-linear 
and geometry large deformation was used to simulate the experimental 
behavior and ultimate strength of the compressive specimens. The FEM 
contain two stages. An eigenvalue elastic buckling analysis was performed 
to solve the probable buckling modes first, and then, the non-linear buckling 
analysis was carried out to predict the ultimate strength, deformation, and 
failure mode of the test specimens using arc-length method, which can 
follow the post-buckling range. 
Element type and mesh 
A four-node three-dimensional quadrilateral shell element with six degrees 
of freedom at each node was used in FEM. The elastic shell element, shell63, 
was used to obtain the critical elastic local buckling and distortional 
buckling mode and the assumed initial geometric imperfection shape, and 
the plastic shell element, shell181, was used in the non-linear analysis. The 
mesh element size of 10x10mm is best to simulate the behavior and ultimate 
strength of the specimens. The Finite element medal meshed is shown as 
Fig.9. 
Boundary condition 
The tested members were fixed at each end supported with plate, so the end 
plates were modeled in the FEM. All nodes of the top end are constrained 
on displacement in the X, Y-direction and rotation in all X, Y, and Z-
direction, and the below end are constrained on displacement and rotation in 
all direction. In order to simulate the rigid loading plates, the CERIG 
command was used at both ends to create rigid regions. The loading point 
and reaction point were defined as the master nodes (see Fig. 10).  
   
Fig.9 Finite element medal   Fig. 10 Constrain on the reaction end 
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Geometric imperfection, material behavior 
The geometric imperfection for the non-linear analysis was obtained by the 
eigenmode 1 multiplied a factor, which was specified by the maximum 
amplitude of the geometric imperfection measured for every specimen.  
The material behavior was approximately described by a bilinear 
stress-strain curve, and the elastic modulus and the yield stress of the 
material were specified by the average of the material properties in Table1.  
Failure mode and ultimate load prediction 
The failure modes obtained from FEM were compared with the 
experimental failure modes as shown in Fig.11. Table3 summoned the 
ultimate strength analyzed by FEM. All results show that the failure mode 
and ultimate strength obtained from the FEM closed to the experimental 
failure modes and ultimate strength. So FEM can simulate the experimental 
buckling modes and calculate the ultimate loads closely. 
 
（a) I-I mode                (b)O-O mode               (c) O-I mode 
Fig.11 distortional buckling modes of finite element analysis 
Results compared with design methods 
The supplement of North America Specification (NAS2004) provides the 
Direct Strength Method (DSM) to determinate the ultimate strength of 
axially compressive columns. The nominal member capacity of a member in 
compression shall be the minimum of the nominal member capacity of a 
member for flexural, torsional or flexural-torsional buckling, the nominal 
member capacity of a member in compression for local buckling and the 
nominal member capacity of a member in compression for distortional 
buckling. There are only the equations of the capacity for distortional 
buckling in this paper. These equations are  
For  5610.≤dλ                                                                   (1a)                         yPP =nd
For 5610.>dλ                (1b) 60ycrd60ycrdnd 2501 .. )/]()/(.[ PPPPPP y −=
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Where crdyd PP /=λ ； Pcrd is the elastic distortional buckling 
strength; ; fcrd dP f= × A d  is the elastic distortional bucking stress, which 
was obtained using the CUFSM, but the specimens all are fixed,  so the 
elastic distortional buckling was obtained by the FEM; yy AFP = , A is the 
cross-sectional area, Fy is the yield strength.  
The curve of member ultimate strength using Direct Strength Method 
(DSM) considering the minimum of the nominal member capacity of overall, 
local and distortional buckling against the length is shown in fig.11. 
Meanwhile, the average values of test results and the average values of 
finite element analytical results also are shown in fig.11. These results are 
also shown in table 3. As shown in table 3 and fig. 11, FEM can simulate 
the experimental buckling modes and calculate the ultimate loads closely. 
For the intermediate and long columns, the calculated results(Pnd) using 
NAS are higher than the test results(Pt), but the test results are close to  the 
calculated results(Pa) using NAS for stud columns and long columns, 
because result from the intermediate columns display a significant 
interaction between local buckling and distortional buckling, which decrease 
the ultimate strength.  
Table3 Comparison of experimental, FEA and NAS results 












































































































































    






































Fig.10 flange distortional buckling modes of finite element analysis 
Conclusion 
The distortional buckling behavior of 16 high strength steel cold-formed 
thin-wall lipped channel specimens under axial compression loads have 
been tested in this paper. According to comparisons of test results and 
calculated results based on DSM and analytical results using FEM, the 
following conclusions can be drawn: 
(1)Distortional buckling can occur in singly-symmetric sections of high 
strength cold-formed thin-walled steel columns if given certain section 
dimensions, and boundary conditions. Distortional buckling may control 
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member ultimate load-carrying capacity. So it should be considered in 
design. 
(2)The behaviors of distortional buckling are much different from local 
or overall buckling of members. Therefore the design method for 
distortional buckling should be analysis. 
(3)The stud columns display a significant post- local-buckling strength 
reverse and the distortional buckling just observe in the stage of failure, so 
the ultimate load-carrying capacity of the stud columns is relatively high. 
The intermediate and long columns display the distortional buckling early 
and interaction with local buckling which decrease the ultimate strength.  
(4) FEM can simulate the experimental buckling modes and calculate 
the ultimate loads closely. 
 (5)The design formulas for the compressive column in DSM can be 
used to predict the ultimate strength for columns subjected to local and 
overall buckling, but can’t be used to predict the ultimate strength for 
columns subjected to interaction between local and distortional buckling. 
 
Notation 
The following symbols are used in this paper: 
A          = cross-sectional area (mm2); 
b          = flange width (mm); 
d          = lip width (mm); 
E         = initial Young’s modulus (MPa); 
f0.2           = experimental yield stress (MPa); 
fd         = elastic distortional bucking stress(MPa); 
fu         = the ultimate stresses(MPa); 
Fy             = yield stress (MPa); 
h          = web height (mm); 
L          = length of column (mm); 
Pa        = FEM analytical ultimate strength (kN); 
Pcrd         = elastic distortional buckling stength (kN); 
Pnd       = distortional buckling strength (kN); 
Pt         = ultimate test load (kN); 
Py             = yield stength (kN); 
R         =  the radius of corner(mm); 
Sw1,Sw2 =  width of V-shape intermediate stiffener of web and flange(mm);  
Sd1,Sd2 ＝ height of V-shape intermediate stiffener of web and flange (mm); 
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Load-Carrying Capacity Estimation on Cold-Formed Thin-
Walled Steel Columns with Built-up Box Section 
Yuanqi LI1, Xingyou YAO2, Zuyan SHEN1, Rongkui MA2
Abstract 
The use of cold-formed thin-walled steel structural members has increased 
in recent years, and most of their sections are open section with only one 
symmetrical axis, which would likely fail by twisting and interaction with 
the others buckling mode, such as local buckling and distortional buckling. 
To improve the ultimate strength of columns, built-up box section can be 
used. In this paper, a series of loading capacity tests on high-strength cold-
formed steel columns with built-up box section are presented, including 21 
axially-compressed columns and 19 eccentrically-compressed columns sub-
jected to bending moments about weak axis as well as strong axis. The test 
specimens are built up by two channel sections with two intermediate 
stiffeners in the web, and they connect at their flanges using self-drilling 
screws. It was shown that distortional buckling and twisting do not occur 
and the ultimate load-carrying capacity is 10 to 20 percent higher than the 
sum of the ultimate load-carrying capacity of each lipped channel section 
columns. According to the test results and theoretical analysis, an improved 
method based on the suggestion of current China code ‘Technical code of 
cold-formed thin-walled steel structures’ (GB50018-2002) considering the 
plate-coupling effect was proposed to estimate the ultimate load-carrying 
capacity of built-up box section column. With the proposed method, the 
calculated results are close and conservative to the test results. 
Introduction 
The use of high-strength cold-formed thin-walled steel structural members 
has increased in re-cent years, especially in low-rise and multi-story resi-
dential buildings and portal steel frame structures. High strength steel 
sections have higher strength, lower ductility, and larger width-to-thickness 
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ratio, which are different from the ordinarily used cold-formed thin-walled 
steel. The national design code for cold-formed thin-walled steel structures, 
‘Technical code of cold-formed thin-wall steel structures’(GB50018-2002), 
have no provision to estimate the ultimate load-carrying capacity of  high-
strength cold-formed thin-walled members with thickness less than 2mm. 
Meanwhile, cold-formed steel section are usually formed in singly-,point-,or 
non-symmetric open sections as shown in Fig.1. These open sections have a 
relatively small torsional stiffness compared to closed sections. So open 
sections would likely fail by twisting and interaction with the others 
buckling mode, such as local buckling and distortional buckling, depending 
on the dimension of the cross sections and the length of the members. Box-
shaped sections made by connecting two channel sections tip to tip are often 
found in using in cold-formed steel structures due to their relatively large 
torsional stiffness and their favorable radius of gyration about both principal 
axes (1977). But when the width-to-thickness ratio of the built-up sections is 
relatively large, local buckling will decrease the full section strength of the 
member. Therefore, the cold-formed steel built-up closed sections with two 
intermediate stiffeners in the web are investigated in this paper. 
 
                     (a) Hat section                 (b) Z-section        (c) Channel section 
Fig.1 Cold-formed steel section 
In the past decades, there are many test data on cold-formed thin-
walled steel open section columns performed by researchers all over the 
world, such as Rhodes and Harvey(1977), Thomasson(1978), Mulligan and 
Peköz(1984), Lau and Hancock(1988), Weng and Peköz(1990), Kwon and 
Hancock(1992),Young and Rasmussen(1998), Young(2005), and some 
other researchers as summarized by Yu(2000). Meanwhile, the high strength 
cold-formed thin-walled channel sections columns with two inter-mediate 
stiffeners in the web were researched by SHEN and LI (2008). However, not 
many test data have been reported on cold-formed thin-walled steel built-up 
closed section columns. De Wolf et al.(1974) conducted column tests on 
cold-formed steel box-shaped sections built up by two plain channel 
sections connected at their flanges. The webs of the box-shaped sections 
were flat and local buckling occurred during the tests. The column strengths 
were influenced by local buckling. However, the use of intermediate 
stiffeners could improve the situation.  Ben Young et al(2008) proposed the 
design methods of cold-formed thin-walled steel built-up closed sections 
with one intermediate stiffener. The web of build-up closed sections 
displayed the distortional buckling which can reduce the ultimate strength of 
members. Therefore, the behavior and design of cold-formed thin-walled 
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steel built-up sections with two intermediate stiffeners in the webs are 
investigated in this paper.  
Experimental investigation 
Material properties 
The structural steel grade of the test sections is G550 (AS1397-2001). The 
minimum specified yield stresses of the test sections is 550MPa. Tensile 
coupons tested were previously conducted for flat coupons cut from the 
fabricated sections. The coupons were prepared and tested according to the 
Chinese Standard, ‘Metallic materials—Tensile testing—Method of test at 
ambient temperature’ (GB/T228-2002). All coupons were tested in a 20kN 
capacity displacement controlled testing machine. The coupon test results 
are shown in table 1 and the typical stress-strain relations are shown in Fig.2. 
The 0.2% proof stress was used as the corresponding yield stress in 
calculating the design strength of columns. The table 1 contains the 
experimental yield stress(f0.2), ultimate tensile strength(fu), initial Young’s 
modulus(E), and elongation after fracture(δ). The experimental yield stress 
(2% offset) were higher than the nominal yield stress. The elongation ranged 
from 10.7%-11.7% with the average being 11.2%, which is significantly 
lower than that of mild steel.  
Table1 Material properties of columns 









S1001 1.00 613 623 2.02 11.70% 
S1002 1.00 617 619 2.14 10.70% 
S1003 1.00 615 618 1.98 11.10% 



















Fig. 2 Typical stress versus strain relation 
Specimen tests 
The test specimens of built-up sections were first brake pressed from 
structural steel sheets to form the channel sections with two intermediate 
stiffeners in the web, then two of the channel sections were connected at 
their flanges using self-drilling screws to form the built-up sections, as 
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shown in Fig.3. The space of screws was 300 or 600mm. The sections 
selected are used as the main members in low-rise and multi-story 
residential buildings in Chinese. The section geometry of lipped channel 
sections and the built-up section are given in Fig.3. The detailed actual 
cross-sectional dimensions are summarized in table 2 and table 3 for axially-
compressed and eccentrically-compressed columns respectively. The 
internal radii of the corners and intermediate stiffeners are 4.0, 5.0, and 
2.5mm for r1, r2, and r3 respectively. The nominal widths of the flange, web, 
and lip of the test sections are 50, 100, and 12mm respectively. The nominal 
section properties are shown in table 4. The nominal length of the test 
members are from 200mm to 3000mm. The test specimens were labeled so 
that the thickness of specimens, the height of web, approximate slenderness 
ratio of specimens, load patters, axial of instability and sequence number of 
same specimens could be included. DS means build-up sections. The first 
four numbers of the specimen label indicates the height and thickness of 
specimens, the second two numbers refers to the approximate slenderness 
ratio, the third letters indicates the load patters, the next last letter displays 
the instability axial, the sequence number of same specimens is appended at 
the label end, such as DS1010-30-AC-Y-1 as showed in Fig.4.    
  Table 2 Geometries of axially compressed specimens 
web(mm) flange(mm) lip(mm) specimen Nominal length(mm) 
Actual 
length(mm) h1 h2 b1 b2 a1 a2
200 197.5 100.09 98.82 53.07 49.56 13.22 12.20 DS1010-10-
AC-Y-1 200 197.5 101.23 103.62 53.31 50.21 12.77 13.03 
200 197.9 100.65 100.01 53.00 49.93 13.38 12.21 DS1010-10-
AC-Y-2 200 197.9 100.78 99.74 53.08 49.89 13.58 11.68 
600 596.8 99.89 99.27 53.44 49.83 13.37 12.08 DS1010-30-
AC-Y-1 600 596.8 100.13 98.85 53.41 49.92 12.89 12.10 
600 596.8 100.07 98.80 53.56 49.59 12.80 11.98 DS1010-30-
AC-Y-2 600 596.8 99.97 98.49 53.36 49.86 13.25 12.32 
600 598.9 100.53 100.11 53.59 49.81 12.82 12.26 DS1010-30-
AC-Y-3 600 598.9 99.91 99.60 53.62 49.95 13.31 11.93 
1000 997.5 99.97 98.97 53.44 49.62 13.07 12.03 DS1010-50-
AC-Y-1 1000 997.5 100.25 99.55 53.39 49.76 13.10 12.49 
1000 997.0 100.18 99.24 53.38 50.00 13.60 11.60 DS1010-50-
AC-Y-2 1000 997.0 100.16 99.37 53.46 49.74 13.12 12.02 
1500 1497.0 99.81 98.27 53.39 49.10 12.80 11.64 DS1010-75-
AC-Y-1 1500 1497.0 99.77 98.41 36.27 49.53 12.66 11.66 
1500 1497.0 99.81 98.27 53.39 49.10 12.80 11.64 DS1010-75-
AC-Y-2 1500 1497.0 99.77 98.41 52.94 49.53 12.66 11.66 
1500 1500.0 101.62 102.58 52.89 49.24 12.12 13.27 DS1010-75-
AC-Y-3 1500 1500.0 101.43 103.27 52.62 49.27 12.04 12.70 
2000 2000.0 99.79 98.63 53.27 49.34 12.89 11.46 DS1010-100-
AC-Y-1 2000 2000.0 99.82 99.39 52.91 49.28 13.21 11.29 
2000 2000.0 99.81 98.27 53.39 49.10 12.80 11.64 DS1010-100-
AC-Y-2 2000 2000.0 99.77 98.41 52.94 49.53 12.66 11.66 
2000 2000.0 100.93 100.03 52.20 49.10 11.85 13.20 DS1010-100-
AC-Y-3 2000 2000.0 100.74 99.81 52.31 48.71 11.13 13.21 
DS1010-120- 2500 2500.0 100.96 100.19 53.06 49.75 12.08 13.61 
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AC-Y-1 2500 2500.0 100.92 100.04 53.00 49.55 12.51 13.53 
2500 2500.0 100.78 100.05 53.07 49.55 11.82 13.85 DS1010-120-
AC-Y-2 2500 2500.0 100.92 100.24 53.00 49.52 12.14 13.57 
3000 3000.0 99.78 98.45 53.46 49.79 13.67 11.55 DS1010-150-
AC-Y-1 3000 3000.0 100.89 100.27 53.61 49.47 11.73 13.27 
3000 3000.0 100.71 99.85 53.19 49.37 11.87 12.91 DS1010-150-
AC-Y-2 3000 3000.0 100.57 99.09 53.27 49.25 11.93 13.25 
2000 1997.0 99.85 98.63 52.96 49.49 12.71 11.39 DS1010-50-
AC-X-1 2000 1997.0 99.80 98.67 53.25 49.31 12.67 11.82 
2000 2000.0 99.75 97.91 52.85 49.58 12.96 11.82 DS1010-50-
AC-X-2 2000 2000.0 99.74 98.39 53.13 49.43 12.40 11.88 
3000 3000.0 100.63 99.78 53.45 49.37 11.97 13.07 DS1010-75-
AC-X-1 3000 3000.0 99.84 98.98 53.90 49.96 11.64 12.92 
3000 3000.0 99.92 98.46 53.53 49.83 12.76 11.62 DS1010-75-
AC-X-2 3000 3000.0 100.86 100.46 53.66 49.48 11.45 13.23 
Table 3 Geometries of eccentrically compressed specimens 







(mm) h1 h2 b1 b2 a1 a2
1000  996.8  100.02 98.85 53.53 49.79 12.61  11.76  DS1010-50-
EC1-Y-1 1000  996.8  100.09 98.08 53.36 49.83 13.14  12.17  
1000  997.0  100.67 99.63 53.64 49.82 13.11  12.13  DS1010-50-
EC1-Y-2 1000  997.0  100.12 99.67 53.64 49.82 13.11  12.13  
2000  2000.0 100.74 99.96 52.49 48.80 11.54  13.40  DS1010-100-
EC1-Y-1 2000  2000.0 100.78 100.08 52.37 49.32 11.94  13.36  
2000  2000.0 100.93 100.03 52.20 49.10 11.85  13.20  DS1010-100-
EC1-Y-2 2000  2000.0 70.74 99.81 52.31 48.71 11.13  13.21  
3000  3000.0 99.72 99.00 53.09 49.45 12.82  11.48  DS1010-150-
EC1-Y-1 3000  3000.0 99.75 98.53 52.97 49.33 12.76  11.46  
3000  3000.0 99.76 98.42 52.97 49.47 12.35  11.79  DS1010-150-
EC1-Y-2 3000  3000.0 99.75 98.28 53.36 49.49 12.71  11.45  
600  598.0  100.97 101.55 52.21 49.30 11.43  13.51  DS1010-15-
EC1-X-1 600  598.0  102.14 101.23 52.26 49.87 11.60  13.23  
600  603.0  100.96 101.43 52.57 49.44 11.54  13.40  DS1010-15-
EC1-X-2 600  603.0  100.97 101.39 52.81 49.64 11.58  13.27  
1000  1000.0 101.25 101.59 53.56 50.13 11.54  13.37  DS1010-25-
EC1-X-1 1000  1000.0 101.07 101.71 53.43 50.27 11.29  13.51  
1000  1000.0 100.96 101.46 52.09 49.78 11.42  13.69  DS1010-25-
EC1-X-2 1000  1000.0 101.03 101.56 51.98 49.41 11.47  13.58  
1400  1396.0 99.75 98.63 52.80 49.64 12.88  11.54  DS1010-35-
EC1-X-1 1400  1396.0 99.80 98.74 53.04 49.14 12.63  11.38  
1400  1400.0 101.17 101.93 52.86 49.35 11.54  13.29  DS1010-35-
EC1-X-2 1400  1400.0 100.63 101.38 52.21 49.15 11.67  13.47  
2000  2000.0 100.77 100.11 52.36 49.24 11.66  13.26  DS1010-50-
EC1-X-1 2000  2000.0 101.05 99.89 51.96 49.56 11.97  13.33  
2000  2000.0 100.74 99.75 52.45 49.08 11.41  13.31  DS1010-50-
EC1-X-2 2000  2000.0 100.00 98.78 51.44 48.66 11.50  12.74  
2500  2500.0 100.73 100.04 53.14 49.58 12.28  13.28  DS1010-65-
EC1-X-1 2500  2500.0 100.78 100.00 52.88 49.50 12.42  13.62  
2500  2498.0 99.90 98.71 53.37 49.36 12.78  11.36  DS1010-65-
EC1-X-2 2500  2498.0 99.83 98.44 53.30 49.62 12.43  11.33  
2500  2498.0 99.90 98.71 53.37 49.36 12.78  11.36  DS1010-65-
EC1-X-3 2500  2498.0 99.83 98.44 53.30 49.62 12.43  11.33  
3000  3000.0 99.70 98.51 53.83 49.42 12.75  11.47  DS1010-75-
EC1-X-1 3000  3000.0 100.81 100.44 53.59 49.68 11.69  13.50  
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3000  3000.0 100.75 100.06 53.77 49.53 11.78  13.14  DS1010-75-
EC1-X-2 3000  3000.0 101.11 100.76 53.60 49.62 12.04  13.18  
 
Table4 Property of nominal section 
Size of specimen A/mm2 ix/mm iy/mm Ix/mm4 Iy/mm4
SS1010 218 41.01 18.26 366725 72708 


































instability about Y axial
  
(a) channel section        (b) build-up section       
Fig.3 Sectional geometries           Fig.4 Specimen labeling rule                                                                             
The 300kN capacity servo-controlled hydraulic testing machine system 
was used to apply compressive force for the stud specimens with length of 
200mm. Hydraulic jack and support frame were used to apply compressive 
force for the other specimens. Load, strain, and displacement were recorded 
automatically by a date acquisition instrument and showed directly on the 
screen of the computer in this system. After geometric and physical 
alignment completed, compressive loads can be subjected onto specimens 
by increments until the failure of them. Loading modes include three types, 
axial compression and eccentrical compression about strong and weak axial. 
Eccentrical value equals to half of the radius of gyration.  
 The braces were fixed to prevent the member from bending along Y 
axis and rotation about X axial for the members bending about the strong 
axis(X  axial).  
middle plate
underside plate side view
top plate
Front view  
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Fig.5 The bidirectional-hinged support 
 
 
(a)Top support seat      (b) below support seat 
Fig.6 The actual bidirectional-hinged support 
The tested members were bidirectional-hinged at each end supported 
with three plates, as shown in Fig.5 and Fig.6. A hoop-plate was applied in 
the test in order to avoid crush occurring at the end of these too thin 
members as shown in Fig.7.   
Strain gauges and lateral displacement transducers were placed at mid-
height of the columns, as shown in Fig.8. Furthermore, four axial 
displacement transducers were employed to measure axial shortening and 
rotation of support seat. These strain gauges were used for alignment and to 
confirm buckling stress and experimental loading eccentricity. 
            
                                                              (a)Strain gauges (b) displacement transducer 
Fig.7 hoop-plate of specimens                            Fig.8 Gauges arrangement 
Test results 
Axially compressive columns 
(1)The specimens with the length being less than 500mm are 
considered as stud columns. Load and deformation were linear when load 
was applied, and the magnitude of the deformation was low. As the load 
was increased, one single channel column yielded firstly, and another single 
channel column also yielded subsequently. Then the built-up columns failed. 
  
95
The cooperative ability of the two single channel columns was weak. The 
failure mode of stud columns is shown in Fig9a.  
(2)The load and deformation of the intermediate columns whose 
slenderness ratio are less than 50 were linear when load was applied, and the 
magnitude of the deformation was low. As the load increased gradually to 
the ultimate load, crippling failure occurred abruptly. The failure mode of 
intermediate columns is shown in Fig9b. 
 
         
(a) DS1010-10-AC-Y-2           (b) DS1010-50-AC-Y-2         
        
 (c) DS1010-150-AC-Y-1         (d) DS1010-75-AC-X-2 
Fig.9 Buckling mode of axially compressed specimens 
 (3)The final failure shapes of the long columns whose slenderness 
ratio are more than 50 were mainly the overall flexural buckling mode about 
the weak axial. The load and deformation of the long columns were linear 
when load was applied. As the load was increased, local buckling occurred 
in the lips and the larger deformation occurred in the middle of the 
specimens. And then, the loads were up to the maximum, the flanges and the 
webs failed. The specimens displayed a significant post-buckling strength 
reserve. The failure mode of long columns is shown in Fig9c. 
(4)Load and deformation of the specimen of instability about the strong 
axis were linear when load was applied. As the load was increased, local 
buckling occurred in the web and flange in the middle of the specimens 
firstly. The deformation increased gradually due to elastic local buckling. 
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Then the transverse displacement along the Y axial increased, instability 
about strong axial occurred. The failure mode of columns instability about 
the strong axis is shown in Fig9d.  
(5)The ultimate strength have little different for specimens with 
different space of connecting screw. The ultimate strength with 300mm in 
the space of connecting screw were little higher than that of 600mm.  
                     
(a)DS1010-50-EC1-Y-1                   (b) DS1010-50-EC1-Y-2 
Fig.10 Buckling of eccentrically compressed specimens 
Eccentrically compressive columns 
(1)The failure modes of all specimens were flexural buckling as shown 
in Fig. 10. The load and deformation of columns were linear when load was 
applied. As the load increased gradually to the ultimate load, crippling 
failure occurred abruptly.  
(2)As the load was increased, one single channel column yielded firstly, 
and another single channel column also yielded subsequently for the stud 
columns. Then the built-up columns failed. The cooperative ability of the 
two single channel columns is weak.  
(3)Local buckling occurred for most of the specimens with eccentricity 
about weak axial because of the larger width-to-thickness.  
(4)The space of connecting screw had nothing to do with the ultimate 
strength of the specimens.   
Comparison of test strengths with design strengths  
Introduction of design methods 
Three different design methods are used to estimate the ultimate strength of 
the build-up sections specimens and all use the Chinese current code 
‘Technical Code of Cold-formed Thin-Walled steel structures’ (GB50018-
2002) considering the plate-coupling effect: 1) The ultimate strength of the 
built-up section is equal to the total of the ultimate strength of two single 
channel sections, 2) The load-carrying capacity is the ultimate strength of 
built-up section with flange considered as stiffened element, and the 
thickness of flange of built-up section is equal to the total of thickness of 
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flange of two single channel sections, 3) The load-carrying capacity is the 
ultimate strength of built-up section with flange considered as partially 
stiffened element, and the thickness of flange of built-up section is equal to 
the total of thickness of flange of two single channel sections. 
Design methods compared with test results 
The design ultimate load-carrying capacity PCr1, PCr2, and PCr3 of the total 21 
axially compressive and 19 eccentrically compressive specimens were 
shown in Table 5 and Table 6, where PCr1 is the total of the ultimate strength 
of  two single channel sections and PCr2, and PCr3 are the ultimate strength of 
built-up sections considering the flanges as stiffened element and partially 
stiffened element based on Chinese current code ‘Technical Code of Cold-
formed Thin-Walled steel structures’ (GB50018-2002) considering the 
plate-coupling effect respectively. Meanwhile, the ultimate load-carrying 
capacities of tests are shown in Table 5 and Table 6. The test strengths of 
the cold-formed steel built-up section axially and eccentrically compressive 
columns are compared with the nominal design strengths obtained using the 
Chinese code in different methods, as shown in Fig. 11 and Fig.12 
respectively. 
 Table 5 Comparison of axially compressive columns between test results and calculated values 
Specimen λ Pt/kN Pcr1/kN Pcr2/kN Pcr3/kN 
DS1010-10-AC-Y-1 9.71 118.00 144.73 225.61 183.34 
DS1010-10-AC-Y-3 9.73 127.50 144.51 225.27 183.21 
DS1010-30-AC-Y-1 33.77 128.78 129.96 198.74 165.61 
DS1010-30-AC-Y-2 33.77 137.25 129.92 198.59 165.40 
DS1010-30-AC-Y-3 33.87 130.60 129.85 198.85 165.43 
DS1010-50-AC-Y-1 53.47 133.58 107.22 165.04 142.15 
DS1010-50-AC-Y-2 53.44 121.84 107.14 165.11 142.20 
DS1010-75-AC-Y-1 78.02 96.46 71.39 101.25 95.87 
DS1010-75-AC-Y-2 78.02 87.25 72.18 105.09 97.46 
DS1010-75-AC-Y-3 78.17 87.20 72.66 105.57 98.00 
DS1010-100-AC-Y-2 102.75 71.50 49.25 67.81 66.72 
DS1010-100-AC-Y-3 102.75 65.46 49.24 67.81 66.73 
DS1010-100-AC-Y-4 102.75 65.89 49.38 67.83 66.61 
DS1010-120-AC-Y-2 127.34 58.61 35.02 46.17 46.17 
DS1010-120-AC-Y-3 127.34 52.88 34.97 46.09 46.09 
DS1010-150-AC-Y-1 151.92 39.99 25.78 32.74 32.74 
DS1010-150-AC-Y-2 151.92 36.96 25.77 32.67 32.67 
DS1010-50-AC-X-1 50.88 136.55 117.52 169.66 145.38 
DS1010-50-AC-X-2 50.95 139.30 117.62 169.67 145.57 
DS1010-75-AC-X-2 75.33 120.74 85.71 111.96 102.59 
DS1010-75-AC-X-3 75.33 130.40 85.59 111.82 102.48 
As shown in Table 5 and Fig. 11, the specimens with slenderness ratio 
less than 50 have less cooperative ability to work together, and the ultimate 
load-carrying capacity of the specimens with length being 200mm  are even 
lower than that of total of two single channel sections. But the ultimate load-
carrying capacity of the specimens with slenderness ratio more than 50 are 
agreement with the ultimate strength estimated using the Chinese code 
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considering flange as partially stiffened element and higher 20 percent than 
the total ultimate strength of two single channel sections.  








































                
(a) Instability about weak axial                   (b) Instability about strong axial 
Fig.11 Comparison of axially compressed columns between test results and calculated values 
Table 6 Comparison of eccentrically compressive columns between test and calculated values 
specimen λ Pt/kN Pcr1/kN Pcr2/kN Pcr3/kN 
DS1010-50-EC1-Y-1 53.6 91.0 82.1 103.0 103.0 
DS1010-50-EC1-Y-2 53.6 90.6 82.1 102.8 102.8 
DS1010-100-EC1-Y-1 102.8 46.2 36.7 52.3 52.3 
DS1010-100-EC1-Y-2 102.8 51.0 36.7 52.2 52.2 
DS1010-150-EC1-Y-1 151.9 30.4 18.2 27.6 27.6 
DS1010-150-EC1-Y-2 151.9 30.6 18.2 27.6 27.6 
DS1010-15-EC1-X-1 16.8 113.8 105.6 144.8 129.6 
DS1010-15-EC1-X-2 16.8 108.0 105.6 144.7 129.3 
DS1010-25-EC1-X-1 26.6 102.6 99.3 136.0 121.2 
DS1010-25-EC1-X-2 26.6 120.0 99.3 136.3 122.5 
DS1010-35-EC1-X-1 36.3 94.8 93.4 128.0 115.3 
DS1010-35-EC1-X-2 36.3 106.8 93.4 127.0 114.0 
DS1010-50-EC1-X-1 51.0 94.0 82.5 111.0 100.4 
DS1010-50-EC1-X-2 51.0 90.3 82.5 111.0 100.4 
DS1010-65-EC1-X-1 63.1 73.1 71.4 95.5 86.3 
DS1010-65-EC1-X-2 63.1 82.6 71.4 95.9 86.7 
DS1010-65-EC1-X-3 63.1 83.2 71.4 95.9 86.7 
DS1010-75-EC1-X-1 75.3 74.6 59.8 80.3 72.4 
DS1010-75-EC1-X-2 75.3 73.8 59.8 79.9 72.0 


































               
(a) Instability about weak axial               (b) Instability about strong axial 
Fig.12 Comparison of eccentrically compressive columns between test results and values 
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As shown in Table 6 and Fig. 12, the test results of the eccentrically 
compressive specimens are intermediate between that of total of two single 
channel sections and that predicted using the Chinese code considering 
flange as stiffened element and higher 10 to 20 percent than the total 
ultimate strength of two single channel sections.  
Proposed design methods 
For built-up section column formed with two channel sections with two 
intermediate stiffeners in the web, a purposed design method is presented to 
estimate its ultimate strength based on comparison with ultimate strength 
between test results and results predicted using three different design 
methods.  
For the axially compressed built-up columns, ultimate load-carrying 
capacity equal to the total of ultimate strength of single open section if the 
column is instability about strong axial or weak axial with slenderness ratio 
being less than 50, and the ultimate load-carrying capacity equal to 1.2 times 
the total of ultimate strength of single open section if the column is 
instability about weak axial with slenderness ratio being more than 50.  
For the eccentrically compressed built-up columns，ultimate load-
carrying capacity equal to the total of ultimate strength of single open 
section if the column is instability about strong axial, and the ultimate load-
carrying capacity equal to 1 or 1.2 times the total of ultimate strength of two 
single columns (eccentricity prone to the web and lip) if the column is 
instability about weak axial with the slenderness ratio being less or more 
than 50 respectively. 
The comparison with ultimate strength between test results and results 
predicted using the proposed design method are shown in Fig.13, Fig.14 and 
Table 7, Table 8 for the axially and eccentrically compressive columns 
respectively. Pt is test results and P is obtained with proposed design 
methods.   
Table 7 Comparison of axially compressed columns between test results and calculated values 
by proposed method 
specimen λ Pt/kN P/kN Pt/ P specimen λ Pt/kN P/kN Pt/ P
DS1010-10-AC-Y-1 9.7 118.00 144.73 0.82 DS1010-100-AC-Y-3102.7 65.46 59.09 1.11 
DS1010-10-AC-Y-3 9.7 127.50 144.51 0.88 DS1010-100-AC-Y-4102.7 65.89 59.26 1.11 
DS1010-30-AC-Y-1 33.7 128.78 129.96 0.99 DS1010-120-AC-Y-2127.3 58.61 42.02 1.39 
DS1010-30-AC-Y-2 33.7 137.25 129.92 1.06 DS1010-120-AC-Y-3127.3 52.88 41.96 1.26 
DS1010-30-AC-Y-3 33.8 130.60 129.85 1.01 DS1010-150-AC-Y-1151.9 39.99 30.94 1.29 
DS1010-50-AC-Y-1 53.5 133.58 128.66 1.04 DS1010-150-AC-Y-2151.9 36.96 30.92 1.20 
DS1010-50-AC-Y-2 53.4 121.84 128.57 0.95 DS1010-50-AC-X-1 50.9 136.55141.020.97 
DS1010-75-AC-Y-1 78.0 96.46 85.67 1.13 DS1010-50-AC-X-2 50.9 139.30141.140.99 
DS1010-75-AC-Y-2 78.0 87.25 86.62 1.01 DS1010-75-AC-X-2 75.3 120.74102.851.17 
DS1010-75-AC-Y-3 78.2 87.20 87.19 1.00 DS1010-75-AC-X-3 75.3 130.40102.711.27 
DS1010-100-AC-Y-2 102.7 71.50 59.10 1.21 DS1010-100-AC-Y-3102.7 65.46 59.09 1.11 
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 Table 8 Comparison of eccentrically compressed columns between test results and calculated 
values by suggested method 
specimen λ Pt/kN P/kN Pt/ P specimen λ Pt/kN P/kN Pt/ P 
DS1010-50-EC1-Y-1 53.6  91.0 98.52 0.92 DS1010-35-EC1-X-1 36.3 94.8 93.4 1.01 
DS1010-50-EC1-Y-2 53.6  90.6 98.52 0.92 DS1010-35-EC1-X-2 36.3 106.8 93.4 1.14 
DS1010-100-EC1-Y-1 102.8 46.2 44.04 1.05 DS1010-50-EC1-X-1 51.0 94.0 82.5 1.14 
DS1010-100-EC1-Y-2 102.8 51.0 44.04 1.16 DS1010-50-EC1-X-2 51.0 90.3 82.5 1.09 
DS1010-150-EC1-Y-1 151.9 30.4 21.84 1.39 DS1010-65-EC1-X-1 63.1 73.1 71.4 1.02 
DS1010-150-EC1-Y-2 151.9 30.6 21.84 1.40 DS1010-65-EC1-X-2 63.1 82.6 71.4 1.16 
DS1010-15-EC1-X-1 16.8  113.8 105.6 1.08 DS1010-65-EC1-X-3 63.1 83.2 71.4 1.16 
DS1010-15-EC1-X-2 16.8  108.0 105.6 1.02 DS1010-75-EC1-X-1 75.3 74.6 59.8 1.24 
DS1010-25-EC1-X-1 26.6  102.6 99.3 1.03 DS1010-75-EC1-X-2 75.3 73.8 59.8 1.23 
DS1010-25-EC1-X-2 26.6  120.0 99.3 1.21     


































   
(a) Instability about weak axial                (b) Instability about strong axial 
Fig.13 Comparison of axially compressed columns between test results and calculated 
values by suggested method 











   












(a) Instability about weak axial                  (b) Instability about strong axial 
Fig.14 Comparison of eccentrically compressed columns between test results and calculated 
values by suggested method 
As shown in Fig.13, Fig.14 and Table 7, Table 8, the ultimate strength 
estimated using proposed methods are close to the test results for the axially 
and eccentrically compressed columns respectively. So the proposed 
methods could be used to calculate the ultimate strength of high strength 




A total 21 axially and 19 eccentrically compressed built-up columns were 
experimental and theoretical studied in this paper. On the base of 
comparison with ultimate strength between test results and results calculated 
using proposed design methods, the follow conclusions can be presented.  
(1) The cold-formed thin-walled steel built-up sections column made 
by connecting two channel sections with two intermediate stiffeners in the 
web at their flanges using self-drilling screws are found having higher 
ultimate capacities due to their relatively large torsional rigidity and their 
favorable radius of gyration about both principal axes.  
(2) The cold-formed thin-walled steel built-up sections column with 
larger slenderness ratio has great cooperative ability to work together. The 
ultimate strength of built-up section columns can increase 20 percent than 
the total of ultimate load-carrying capacity of single open section members.  
(3) For the axially compressed built-up columns, ultimate load-carrying 
capacity equal to the total of ultimate strength of single open section if the 
column is instability about strong axial or weak axial with slenderness ratio 
being less than 50, and the ultimate load-carrying capacity equal to 1.2 times 
the total of ultimate strength of single open section if the column is 
instability about weak axial with slenderness ratio being more than 50.  
(4)For the eccentrically compressed built-up columns，ultimate load-
carrying capacity equal to the total of ultimate strength of single open 
section if the column is instability about strong axial, and the ultimate load-
carrying capacity equal to 1or 1.2 times the total of ultimate strength of two 
single columns (eccentricity prone to the web and lip) if the column is 
instability about weak axial with the slenderness ratio being less or more 
than 50 respectively. 
 Notation 
a1, a2                       = width of lip (mm); 
A                     = cross-sectional area (mm2); 
b1,b2                        = width of flange(mm); 
E                     = initial Young’s modulus (MPa); 
f0.2                             = experimental yield stress (MPa); 
fu                     = ultimate tensile strength(MPa); 
h1, h2                      = width of web (mm); 
ix, iy                         = radius of gyration(mm); 
Ix, Iy                        = inertia moment about x and y axial (mm4); 
PCr1, PCr2, PCr3= ultimate strength (kN) calculated by three different method; 
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Pt                             = ultimate test load (kN); 
P                    = ultimate strength (kN) calculated by the proposed method; 
t                     = thickness of base metal (mm); 
λ                    = slenderness ratio; 
δ                   = elongation after fracture. 
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